Wolbachia pipientis are maternally inherited endosymbionts associated with cytoplasmic incompatibility, a potential mechanism to drive transgenic traits into Anopheles populations for malaria control. W. pipientis infections are common in many mosquito genera but have never been observed in any Anopheles species, leading to the hypothesis that Anopheles mosquitoes are incapable of harboring infection. We used an in vitro system to evaluate the ability of Anopheles gambiae cells to harbor diverse W. pipientis infections. We successfully established W. pipientis infections (strains wRi and wAlbB) in the immunocompetent Anopheles gambiae cell line Sua5B. Infection was confirmed by PCR, antibiotic curing, DNA sequencing, and direct observation using fluorescence in situ hybridization. The infections were maintained at high passage rates for >30 passages. Our results indicate that there is no intrinsic genetic block to W. pipientis infection in A. gambiae cells, suggesting that establishment of in vivo W. pipientis infections in Anopheles mosquitoes may be feasible.
Human malaria, caused by four protozoan parasites of the genus Plasmodium, is a disease responsible for inordinate mortality, morbidity, and economic loss worldwide. Malaria infects up to 500 million people per year and is responsible for almost 3 million deaths annually (10, 24) . Plasmodium parasites responsible for human malaria are obligately dependent on mosquitoes of the genus Anopheles for transmission from one human host to the next, with Anopheles gambiae being the primary vector in Africa (8) . There is no vaccine currently available for malaria treatment, and therefore, control of the disease is limited to antiparasitic drugs and control of the mosquito vectors (2, 22) . Control of the disease has been hampered by evolution of drug resistance in Plasmodium species (25) , evolution of insecticide resistance in the mosquito vectors (12) , and lack of basic public health infrastructure to sustain vector control efforts in problem areas (6, 26) . These concerns have stimulated interest in new methods for malaria control (13) .
One innovative method for malaria control is replacement of wild Plasmodium-susceptible Anopheles strains with genotypes that are refractory to Plasmodium transmission (population replacement) (14, 27) . While the ecological impacts of such a replacement are unknown (21) , there has been considerable laboratory progress toward developing genetically-modified Anopheles mosquitoes with impaired capacity to transmit Plasmodium (13) . Before successful population replacement strategies for malaria control can be implemented, there are, at minimum, three critical milestones that must be met. These include (i) identification and engineering of effector genes that block pathogen uptake, development, and/or transmission in the mosquito vector, (ii) integration and successful expression of these effector genes in the mosquito, and (iii) spread of the transgene into natural mosquito populations to a high enough frequency to interrupt pathogen transmission cycles (i.e., development of a drive mechanism) (14, 17, 27) . While there has been significant progress toward items one and two (13) , there is as yet no effective drive mechanism available to spread transgenes into natural Anopheles populations. There are, however, several potential options under theoretical consideration. One such potential transgene driver is the obligate endosymbiont Wolbachia pipientis (17, 23, 27) .
In mosquitoes, the maternally inherited bacterial symbiont W. pipientis induces crossing sterilities known as cytoplasmic incompatibility, i.e., reduced egg hatch when uninfected females mate with infected males. Matings between infected females and infected or uninfected males are fertile. Consequently, infected females have a reproductive advantage, allowing W. pipientis infection to spread rapidly through host populations. If a transgene of interest is inserted into the W. pipientis genome or placed on a separate, maternally inherited construct, the transgene will "hitchhike" with the symbiont into the population (23, 27) .
While W. pipientis symbionts have been identified in many mosquito species, no infections have ever been identified in any species of Anopheles (16, 18, 19) . Since preexisting natural infections can interact with and alter the behavior of introduced infections (27) (30) and have never been accomplished in Anopheles mosquitoes (23) . One potential method to evaluate the ability of Anopheles to harbor W. pipientis infections in the absence of artificial mosquito transfection protocols is to use a cell culture system that mimics potential immune responses of Anopheles to W. pipientis symbionts. While the reductionist approach of an in vitro system cannot match the biological complexity of an intact organism, cell line experiments have proven invaluable for providing insight into numerous aspects of mosquito biology, including host-pathogen interactions, endosymbiont host range expansion, and vector immunology (4, 5, 7, 15) . Here, we show that immunocompetent, cultured Anopheles gambiae cells are able to be infected with two different strains of W. pipientis, and thus there is no a priori reason to suggest that Anopheles are refractory to W. pipientis infection.
MATERIALS AND METHODS
Cell maintenance. We chose to perform experiments with the immunocompetent, hemocyte-like cell line Sua5B (split from line Sua1B) because this cell line has immune responses to microbial challenge similar to those of an intact mosquito (4; G. Dimopoulos, personal communication). While we do not suggest that the behavior of W. pipientis in this cell line will be indicative of how the symbiont will behave in transfected mosquitoes, it is reasonable to assume that, if immunocompetent cells can be infected, other cell types (germ line and somatic) can potentially be infected as well. The cells were grown without antibiotics in 25-cm 2 plastic Corning culture flasks (Fisher Scientific, Pittsburg, PA) at room temperature in Schneider medium (20) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (SigmaAldrich) and were passaged once per week.
Experimental infections. Two different W. pipientis strains were used for experimental infections: (i) strain wAlbB, purified from the Aedes albopictus cell line Aa23, and (ii) strain wRi from Drosophila simulans embryos.
Infection with strain wAlbB. Aa23 cells were cultured as described for Sua5B cells in 75-cm 2 culture flasks to ϳ90% confluence. W. pipientis symbionts were purified from Aa23 cells as described for Rickettsia (1), with modifications. Briefly, the cells were dislodged by shaking, pelleted by low-speed centrifugation (2,500 ϫ g), and suspended in 10 ml Schneider's medium plus FBS in a 50-ml conical tube. The cells were lysed by vortexing for 5 min with 50 sterile 3-mm borosilicate glass beads, and the lysate was centrifuged at 2,500 ϫ g for 10 min to pellet cellular debris. The supernatant was passed through a 5-m Millex syringe filter (Millipore, Billerica, MA) to remove debris and centrifuged at 18,400 ϫ g for 5 min on a 250-mM sucrose cushion to pellet the W. pipientis bacteria. The W. pipientis pellet was resuspended in 1 ml Schneider's medium plus FBS and passed through a 2.7-m syringe filter (Whatman, Florham Park, NJ) to remove any remaining cellular material. Before being infected, Sua5B cells were grown in the wells of 48-well plates to 80% confluence. Five-hundred microliters of the W. pipientis suspension was layered onto cells. The plates were centrifuged at 2,500 rpm at 15°C for 1 h and then incubated at room temperature overnight. The cells were transferred to 6-well plates containing 1 ml of growth medium/well. The medium was changed every 2 to 3 days until cell growth was observed. The cells were then transferred to 25-cm 2 flasks and cultured as previously described.
Infection with strain wRi. Seven-day-old Drosophila simulans flies (DSR strain) were allowed to oviposit on grape juice agar plates smeared with autoclaved Saccharomyces cerevisiae and propionic acid. The plates were checked at 30-min intervals. One thousand to two thousand embryos were collected, dechlorinated in 50% bleach, rinsed in distilled water, surface sterilized in 70% ethanol, and rinsed in Schneider's medium. The embryos were homogenized in 150 l Schneider's medium plus FBS. Additional medium plus 10% FBS was added to the homogenate so that the final volume equaled 500 l. Sua5B monolayers were grown in 48-well plates to 80% confluence. The medium was removed, the embryo homogenate was layered onto cells, and the cells were infected as described above. This procedure was performed four times with the same cell line to increase the proportion of infected cells. infected four times, W. pipientis was purified out of the cell line, concentrated, and reinoculated into the cells as described above to further increase the infection level of the cells. This procedure was performed three times. W. pipientis PCR. DNA was extracted from the cells, using DNeasy kits (QIAGEN, Valencia, CA) according to the manufacturer's suggested protocol. W. pipientis infection was confirmed by diagnostic PCR amplification of a 440-base pair (bp) fragment of the W. pipientis 16srRNA gene, using primers WspecF and WspecR as previously described (29) . An approximately 600-bp fragment from the W. pipientis surface protein gene was amplified, using primers 81F and 691R as previously described (31), purified using Qiaquick spin columns (QIAGEN), and directly sequenced in both directions. ND4 sequencing. Primers ND4 ϩ and ND4 Ϫ were used to amplify an approximately 400-bp fragment from the NADH dehydrogenase subunit 4 (ND4) gene from the cultures. Primer sequences and PCR conditions were as previously stated (9) . Amplified fragments were purified and sequenced as described above. Drosophila-specific PCR. An approximately 450-bp fragment of the single-copy nuclear gene suppressor-of-forked (SUF) was amplified from wRi-infected cultures using primers su(f) (forward) and su(f) (reverse). Primer sequences and PCR conditions were as previously stated (28) .
Visualization of W. pipientis cells. W. pipientis bacteria were visualized with two oligonucleotide probes (W1 and W2) 5Ј-end labeled with rhodamine (11) . Cell monolayers were grown on 8-well chamber slides to ϳ50% confluence and then fixed for 10 min with 4% formalin. One hundred nanograms of each probe was added to 20 ml hybridization buffer (50% formamide, 5ϫ SSC, 200 g/liter dextran sulfate, 250 mg/liter poly(A), 250 mg/liter salmon sperm DNA, 250 mg/liter tRNA, 0.1 M dithiothreitol (DTT), 0.5ϫ Denhardt's solution), and the slides were incubated at 37°C overnight (approximately 18 h). The next day, the slides were washed twice in 1ϫ SSC-10 mM DTT and twice in 0.5ϫ SSC-10 mM DTT at 55°C. The slides were rinsed in deionized water, mounted with glycerol containing 1:1,000,000 DAPI (4 Ј ,6 Ј -diamidino-2-phenylindole), and viewed on an
Olympus BX-41 compound microscope fitted with epifluorescent optics. Antibiotic curing. wRi-and wAlbB-infected Sua5B cells were maintained as previously described with the addition of tetracycline (10 g/ml) for four passages.
RESULTS AND DISCUSSION
Infection with strain wAlbB. W. pipientis strain wAlbB was purified from infected Aa23 cells using a protocol that results in very pure W. pipientis preparations without contaminating the host material. Sua5B cells were infected at a very high level (Ͼ90% of cells infected, as determined by fluorescence in situ hybridization [FISH] ), likely due to the large amount of W. pipientis bacteria used for experimental infections. The level of infection subsequently increased to almost 100% and had been stable at this level for Ͼ30 passages at the time the manuscript was submitted (Fig. 1A) . Infection was further confirmed by specific PCR amplification of a portion of the W. pipientis 16SrDNA gene. Elimination of detectable bacteria by tetracycline treatment confirmed that results were due to true establishment of infection rather than by contaminating W. pipientis DNA (Fig. 2A) . Sequencing a portion of the W. pipientis surface protein (wsp) gene confirmed that the cells were infected with wAlbB (100% match to GenBank accession number AF020059). Sequence analysis of a 349-bp fragment of the mitochondrial ND4 gene from infected Sua5B cells indicated a 100% match with a corresponding fragment of A. gambiae (GenBank accession number L20934) 100%.
Infection with strain wRi. Initial attempts to infect Sua5B cells succeeded with low infection rates (approximately 1 infected cell per 10,000 cells, as determined by FISH). After four sequential attempts to introduce infection into the same cell line, the infection rate increased 1,000-fold (approximately 10% of cells infected). By purifying W. pipientis bacteria out of (Fig. 1B) . We were able to observe W. pipientis replication by FISH staining, and interestingly, all symbionts in the cell were replicating synchronously (Fig. 1C) . W. pipientis bacteria were detected by PCR and were eliminated by antibiotic treatment (Fig. 2B) . Sequencing a portion of the wsp gene confirmed that the infection was of strain wRi (100% match to GenBank accession number AF020070). Because in this experiment we transferred W. pipientis bacteria from infected embryos, we were concerned that our results could be explained by heterologous culturing of infected Drosophila cells rather than by infection of Anopheles cells. To confirm that our results were due to infection of Anopheles cells and not by inadvertent culturing of Drosophila cells, we amplified a portion of the SUF gene, using Drosophila-specific primers. Amplification succeeded only from the Drosophila control (Fig. 2C) . Sequence analysis of a 349-bp fragment of the mitochondrial ND4 gene from infected Sua5B cells indicated a 100% match with a corresponding fragment of A. gambiae (GenBank accession number L20934).
Our results demonstrate that two distinct W. pipientis strains can infect immunocompetent A. gambiae cells in vitro. wAlbB infection was maintained at a higher rate than wRi infection (ϳ100% versus ϳ10% of cells infected). The wRi and wAlbB strains belong to two phylogenetically distinct W. pipientis clades (wRi, "A" supergroup; wAlbB, "B" supergroup) that diverged approximately 32 million years ago (3). It is possible that observed differences in cell infection levels may reflect genetic divergence between these two W. pipientis strains. Alternatively or in concert with genetic divergence, differences in infectious phenotypes may reflect adaptation of the wAlbB strain to cell culture conditions, as this strain has been in the cell line for Ͼ10 years. Further experiments using W. pipientis bacteria from a variety of phylogenetic clades, hosts, and cell lines may help to clarify this issue.
Although care must be taken in extrapolating from in vitro results to in vivo systems, our data indicate that there is no intrinsic genetic block to W. pipientis infection of Anopheles gambiae cells and thus that there is no a priori reason to suggest that Anopheles mosquitoes are refractory to W. pipientis infection. Therefore, with proper technique, establishment of in vivo Anopheles infections may well be feasible. W. pipientis-infected Sua5B cells may provide a source of Anophelesadapted W. pipientis bacteria which could increase the probability of establishing in vivo infections. We suspect that infected Sua5B cells will also be useful in a system to investigate genomic and physiological factors influencing W. pipientis host range expansion.
